Heavily In doped zinc oxide (IZO) thin films were deposited on glass substrates by dip-coating method with different concentrations of indium. The effect of heavy In doping on the structural, morphological, optical and electrical properties of ZnO was discussed on the basis of XRD, AFM, UV-Vis spectra and Hall effect measurements. The diffraction patterns of all deposited films were indexed to the ZnO wurtzite structure. However, high In doping damaged the films crystallinity. The highest optical transmittance observed in the visible region (>93 %) exceeded that of ITO: the absolute rival of the most commercial TCOs. The grain size significantly decreased from 140 nm for undoped ZnO to 17.1 nm for IZO with the greatest In ratio. The roughness decreased with increasing In atomic ratio, indicating an improvement in the surface quality. Among all synthesized films, the sample obtained with 11 at.% indium showed the best TCO properties: the highest transmittance (93.5 %) and the lowest resistivity (0.41 Ωcm) with a carrier concentration of 2.4 × 10 17 cm −3 . These results could be a promising solution for possible photonic and optoelectronic applications.
Introduction
Many recent works have been devoted to the one-dimensional growth of ZnO nanostructures such as nanorods and nanotubes, considered as the most promising candidates for future nanodevices, such as light-emitting diodes [1, 2] , dye sensitized solar cells (DSSC) [3, 4] and gas sensors [5] . These nanostructures can also be used as photocatalysts [6] and in biomedical applications [7] . ZnO -a low-toxic and available at low cost material [8] -attracts attention because of its specific properties such as a low temperature process, excellent piezoelectricity and pyroelectricity [9, 10] . A direct band gap about 3.3 eV and a large exciton binding energy (60 meV) at room temperature facilitate its application in the blue and UV optoelectronic devices [11, 12] . However, its most interesting application is connected with the quality of transparent and conductive oxide (TCO) [13] . This property * E-mail: abdelmah@yahoo.com can be improved by a selective doping substituting Zn with higher valence elements such as Al, Ga and In [14, 15] . This process could enable ZnO to achieve better electrical and optical properties for effective practical applications. A variety of physical and chemical methods have been used to prepare ZnO films presenting various morphologies. They include bars, tubes, flowers, rings, screws, discs, springs, nails, pencils and sheets [16] [17] [18] [19] [20] [21] [22] , obtained by physical vapor deposition [23] , thermal evaporation [24] , sputtering [25] , spray pyrolysis [26] and sol-gel [27] . Among all these methods sol-gel is an effective, easy and low-cost deposition technique making it possible to obtain nanostructured films. In the literature, many studies have been devoted to the influence of the low In doping concentration, where atomic ratio x of In/(In + Zn) does not exceed 10 % [28] [29] [30] [31] , however, high doping has rarely been studied because of the high price of indium [32] .
The aim of this study was to investigate the effect of high indium doping, with an atomic ratio greater than 10 %, on the structural, morphological, optical and electrical properties of zinc oxide thin films obtained by dip-coating sol-gel method. The amount of consumed indium is after all very low compared to those used to obtain indium tin oxide (ITO).
Experimental

Materials
Zinc acetate dihydrate (Zn(CH 3 COO) 2 ·2H 2 O, 98 % purity), indium nitrate trihydrate (In(NO 3 ) 3 ·3H 2 O, 99.9 % purity), absolute ethanol (C 2 H 5 OH, 99.8 % purity), and monoethanolamine (NH 2 CH 2 CH 2 OH, 99 % purity) purchased from Sigma-Aldrich, were used to prepare the highly In-doped ZnO thin films.
Preparation of In-doped ZnO thin films
Highly In-doped ZnO (IZO) thin films were prepared by sol-gel dip-coating method as reported in previous works [33, 34] using zinc acetate dihydrate and indium nitrate trihydrate as starting materials. These materials were dissolved in absolute ethanol to obtain a total molarity of 0.2. Monoethanolamine (MEA) was added to the mixture as a stabilizer. The molar ratio of MEA to zinc acetate was maintained at 1. To obtain a clear and homogeneous solution, the mixture was stirred at 60°C for 2 h. The solution was usually prepared one day before using. The glass substrates were cleaned in an ultrasonic bath in acetone, ethanol and distilled water successively. The layers were deposited by immersing a substrate in the solution for 2 min (Dip-coater KSVDCX2), and then dried at high temperature of 300°C for 4 min in an electric furnace (Nabertherm B-180). The procedure from immersing to drying was repeated 20 times, the films were then annealed at 500°C for 2 h. To investigate the effect of high In doping concentration on the physical properties of ZnO, IZO thin films were fabricated at several In atomic ratios (1/9, 1/6, and 1/3) corresponding, respectively, to 11 at.%, 16 at.% and 33 at.% of indium. Therefore, the samples were referenced ZO for undoped ZnO and IZO11, IZO16 and IZO33 respectively for the In doped ZnO.
Analysis techniques
The structural characterization of the films was performed using X-ray diffractometer (Bruker AXS-8D) with a CuKα radiation (1.54056 Å), operating at 45 kV and 40 mA. The surface morphology was studied using A100 atomic force microscope of APE Research with Gwyddion 2.34 software. Optical properties were investigated using a spectrophotometer UV-Vis (Jasko V-630). Electrical characterization of the films was realized using the Hall measurement system (HMS-3000).
Results and discussion
Structural properties
The X-ray diffraction patterns of undoped ZnO and IZO films deposited on glass substrates with different indium atomic ratios are shown in Fig. 1 . XRD analysis results are reported in Table 1 . The diffraction peaks of all the samples were indexed to hexagonal wurtzite ZnO, and no peak of other crystalline phase was detected despite the high concentration of indium introduced. The undoped ZnO films yield a sharp peak at 34.42°, which is attributed to (0 0 2) plane (JCPDS File No. 36-1451) [35] , indicating a c-axis preferred orientation due to self-texturing phenomenon frequently observed in ZnO films [16, 17, 27] . Moreover, the (0 0 2) diffraction peak intensities of doped ZnO films decreased rapidly with increasing atomic ratio x and the amorphous background appeared. The mean crystallite size, calculated using Sherrer formula (equation 1), decreased with increasing In ratio ( Table 1 ). All this indicates that an excess in indium doping ratio deteriorates the crystallinity of the films. Thambidurai et al. [36] reported similar results in their work devoted to IZO thin films (with 10.48 % In) obtained by sol-gel technique. This behavior may be due to the difference in ionic radius between zinc (Zn 2+ = 0.74 Å) and indium (In 3+ = 0.80 Å) which reduces the incorporation of indium into ZnO matrix inducing a segregation of indium excess in the grain boundaries, which limits the lateral grain growth. Therefore, these conditions favor the growth of very fine crystallites oriented upwards. On the other hand, the peak (0 0 2) is slightly shifted towards small angles after indium doping. According to Bragg law (equation 2), this indicates an increase in the hexagonal lattice parameter c due to the expansion of the crystalline lattice (Table 1) . A similar behavior has been reported and explained in detail by Lim et al. [29] .
D is the mean crystallites size, θ 002 and β 002 are, respectively, the Bragg angle and the full width at half maximum (FWHM) of the (0 0 2) peak, λ is the X-ray wavelength (1.54056 Å), d 002 is the d-spacing between (0 0 2) crystalline planes and c is the hexagonal lattice parameter. Fig. 2 shows the AFM images of undoped ZnO and IZO thin films prepared by the sol-gel dip-coating method. For undoped ZnO, rounded columns oriented upwards are observed in accord with the (0 0 2) preferred growth deduced from XRD analysis. Statistically, the average grain size is around 140 nm while the root mean square RMS roughness is 3.14 nm indicating a very smooth surface. However, for the doped ZnO, the topography changed from a rounded columnar structure to a capillary structure. Lim et al. [29] observed by SEM a similar morphology in the form of nanowires (NWs) of hexagonal cross-sections typical of (0 0 2) oriented ZnO. Contrary to this, Nolan et al. [37] , in the films containing a low content of indium (3 at.%), observed different structures with large platelets.
Morphological properties
The statistic calculations performed on the basis of AFM images using Gwyddion software indicate that the average grain size significantly decreases from 140 nm for undoped ZnO to 17.1 nm in IZO, when In atomic ratio increased. These results agree with the fine crystallites revealed by the XRD analysis (Table 1) . This behavior can be attributed to a competitive growth between amorphous indium oxide and ZnO crystalline phase, probably because of the high concentration of indium. The grain sizes and RMS roughness of all samples are listed in Table 2 . As it can be seen, the RMS values decreased with increasing In atomic ratio, indicating an improvement in the surface quality. Fig. 3a shows the optical transmission spectra of undoped ZnO and IZO thin films prepared with different In atomic ratios. In this figure, a very high transparency (>93 %) in the visible region is observed for IZO samples. The transmittance exceeds that of ITO, the absolute rival of the most commercial TCOs. Ramamoorthy et al. [38] found comparable behavior in their previous work. Contrary to these results, for low In doping concentration (<8 wt.%), Hafdallah et al. [28] reported a deterioration of the transparency with increasing indium concentration.
Optical properties
Therefore, it can be concluded that the high In doping has an important effect on the optical properties of IZO. The vertical growth of the zinc oxide (capillary structure acting as optical channels) facilitates the transmission of photons flow and minimizes the light scattering. This behavior could be very beneficial for optical or solar applications. The optical flow through the columnar ZnO thin films have been illustrated as in Fig. 4 .
In the transparent area of the spectra, interference fringes caused by multiple reflections on different interfaces are observed, which indicates that all deposited films are smooth and uniform [39] . The number of interference fringes increased following the introduction of indium, indicating an increase in the optical thickness. The thicknesses of the deposited films are reported in Table 1 . They were obtained by fitting the transmittance experimental spectra with a theoretical model based on the Swanepoel formulation of the transmittance and the Forouhi-Bloomer description of optical indices [40, 41] . It is, therefore, noted (Fig. 3c) that the thickness increases with the In atomic ratio x despite the fact that the total molarity of all solutions was kept constant (0.2 M). High indium doping leads to vertical growth of low-density films with larger thickness (the lateral growth limited by indium oxide). One can also evoke the expansion of the hexagonal structure of ZnO by the incorporation of indium atoms having an ionic radius greater than that of zinc. On another side, a shift of absorption edge towards lower energies with increasing atomic ratio x was observed, contrary to Lee et al. [32] who found in their studies that no significant shift was observed probably due to low In doping. This difference confirms the effect of the high level doping used in this work.
From the strong absorption area (around 400 nm), the band gap energy of the films can be deduced from the linear part of (αhυ) 2 vs. hυ Tauc plots shown in Fig. 3b . As a result, in case of direct gap materials, the absorption coefficient can be expressed as follows [42] :
where: A is a constant, hυ is the photon energy and E g is the optical band gap energy.
The values of the optical band gap energy for all the films are reported in Table 1 . As it can be seen in Fig. 3c , the band gap energy decreases from 3.26 eV for undoped ZnO to 3.05 eV with increasing atomic ratio x in IZO films. These values are comparable to those found in the literature [28] [29] [30] [31] and indicate that indium was correctly incorporated into the ZnO structure. The decrease of the band gap with the doping rate is mainly due to distortions in the crystal structure caused by the incorporation of doping impurities. This result is in agreement with the changes observed on the XRD patterns. Therefore, it can be inferred that the doping has occurred successfully.
Incorporation of impurities in a semiconductor often reveals the formation of a band tail in the limit of the band gap. In this region, the absorption coefficient is expressed by Urbach rule as [43] :
where α 0 is a constant and E U is the Urbach energy.
Urbach energy values, deduced from the transmittance spectra, are reported in Table 2 . The increase of E U with increasing indium atomic ratio x suggests that the structural disorder in IZO thin films increased. This behavior results from the increase in the concentration of the defects which leads to redistribution of the states, from the bands to the tails, allowing a greater number of possible transitions to the band tails, decreasing consequently the band gap energy [31, 44] .
Electrical properties
To investigate the electrical properties of IZO thin films, their resistivity ρ, carrier concentration n and electrons mobility µ were deduced from Hall effect measurements recorded on all samples. These parameters are displayed in Fig. 5 . First, the carrier concentration of electrons n increased with increasing In atomic ratio, but it stayed almost constant with increasing In atomic ratio from 0.11 to 0.33. This signifies that the solid solubility of indium in ZnO was reached. Contrary to electron concentration, the mobility decreased with increasing In atomic ratio, in agreement with the growing disorder deduced from Urbach energy analysis, the combination of these two effects in Ohm law gave a minimum resistivity of 0.41 Ω·cm at 11 % In concentration. However, an increase in In atomic ratio from 0.11 to 0.33 led to an increase the resistivity. According to previous studies [45, 46] , it is commonly accepted that electrons are generated by ionization of interstitial zinc atoms and oxygen vacancies in undoped ZnO to which an excess of electrons is added by the trivalent doping atoms substituting Zn [47] . Besides, similar results [30, 31] show that the excess of indium is segregated in grain boundaries, where these atoms become electrically inactive, and hinder the mobility of electrons, increasing the resistivity of IZO films [47] . When comparing the resistivity reported here to similar works, it is lower than 0.84 Ω·cm obtained by Benhaliliba et al. [48] however Lim et al. [29] measured a resistivity of 0.06 Ω·cm along a nanowire of 1.03 µm length. The resistivity measured in our case is lateral therefore takes into account the effect of grain boundaries.
Conclusions
In this work, heavily indium doped ZnO thin films have been prepared by the sol-gel dip-coating method using zinc acetate and indium nitrate as precursors. The effect of high In doping on the physical properties of ZnO was studied in details. XRD results indicated that the crystallinity was much deteriorated with increasing In atomic ratio x. This stress was due to the difference between ion radius of zinc and indium as well as the high level of doping generating indium segregation at the grain boundaries which hindered the lateral growth of the crystallites. The AFM investigation indicated that all IZO samples present capillary structures, leading to improving the photons flow through the films, which explains the very high recorded transmittance. Among all synthesized samples, 11 % In doped ZnO have the highest transmittance (93.5 %) and the lowest resistivity (0.41 Ω·cm) which results in the best TCO properties. 
